Grey seal skeletal muscle containing high levels of myoglobin was used to prepare poly(A) RNA. In_ vitro translation of this RNA produced a range of polypeptides including myoglobin. cDNA was prepared by reverse transcription of muscle poly(A) RNA and cloned into the plasmid pAT 153. 4% of cDNA recombinants were shown to contain myoglobin cDNA inserts. DNA sequence analysis of one clone (pSM 178) which contained a relatively large myoglobin cDNA insert showed an incomplete cDNA comprising the terminal 293 nucleotides of 3' non-translated mRNA sequences. Hybridization experiments using this myoglobin cDNA indicated that seal myoglobin is coded by a single gene which is transcribed to give a 1400 nucleotide mRNA considerably longer than related haemoglobin mRNAs.
INTRODUCTION
Haemoglobin genes represent one of the best characterised vertebrate multigene families and have proved invaluable to our understanding of eukaryotic gene structure and expression, and the clustering, dispersal and homogenisation of gene families including functional genes and pseudogenes {1-3}. However, nothing is yet known about an additional member of the globin gene family, the myoglobin gene. Comparisons between the structure and amino acid sequence of haemoglobin and monomeric vertebrate myoglobin suggest that the myoglobin gene was derived by duplication of a primitive globin gene about 500-800 million years ago, before the a$ globin gene duplication which gave rise to tetramenc haemoglobins of vertebrates {4,5}. Comparisons of haemoglobin and myoglobin genes could therefore provide information about early events in globin gene evolution as well as insights into the properties of homologous genes incorporated within radically different (erythroid and myogenic) developmental programmes.
Human myoglobin is synthesised within cardiac muscle early in development, whereas the accumulation of myoglobin in skeletal muscle is Nucleic Acids Research delayed until birth {6}. Diving mammals such as whales and seals have [6] [7] [8] [9] [10] fold elevated levels of myoglobin in skeletal muscle compared with man and other terrestrial mammals {7,8}. We have therefore used skeletal muscle from adult grey seal as a rich source of myoglobin mRNA, to synthesise a myoglobin cDNA clone as a first step towards the characterisation of a mammalian myoglobin gene.
MATERIALS AND METHODS (a) Purification of grey seal myoglobin
Skeletal muscle from an adult grey seal (Halichoerus grypus) was generously provided by Dr J. Prime, British Antarctic Survey, Cambridge.
Muscle was homogenised in an equal volume of water and centrifuged at 85000g for 1 hr. The supernatant was dialysed against water for 12 hr at 4 , concentrated by dialysis against solid polyethylene glycol 6000 and focussed on a LKB Ampholine PAG plate (pH 5.5-8.5) at 1.5 kV for 3 hr.
The principal haemoprotein band, myoglobin, was excised, eluted into water, concentrated and dialysed against 20 mM NaCl, 2 mM Tris-HCl (pH 7.5). The myoglobin was > 90% pure as judged by electrophoresis in a 17% SDS-polyacrylamide gel. (c) Construction of a grey seal cDNA library
Single stranded cDNA was synthesised by incubating bOug seal -luscle poly(A) + RNA at 42° for 2 hr in 0.6 ml, 0.6 mM dATP, 0. b miA dCTF, 0.6 m" dGTP, 0.6 mM dTTP, lOOpCi/ml a-32 P-dCTP (2000-3000 Ci/mnol<=, Amersha-i) , 100 yg/ml actinomycin D, 7.5yg/ml oligo (dT Approximately 1600 clones were isolated; in contrast, no colonies appeared in a mock transformation using the tailed vector without cDNA.
The recombinant cDNA clones were replica plated onto nitrocellulose 32 filters and screened by hybridization with P-labelled cDNA prepared by reverse transcription of grey seal poly(A) RNA (Fig. 2) . Individual colonies gave a wide range of hybridization intensities, reflecting the abundance of poly(A) RNA corresponding to each cDNA clone.
(c) Identification of myoglobin cDNA clones
In vitro translation of seal muscle poly(A) RNA suggested that myoglobin mRNA should be at least a moderately abundant species.
Recombinant plasmid DNAs were therefore prepared from a range of moderately to intensely hybridizing cDNA clones ( Six independent myoglobin cDNA clones were analysed by restriction endonuclease cleavage. As expected, the cDNA inserts were short, ranging from 150 to 355 bp in length, and showed similarities in restriction patterns including an internal PstI cleavage site in addition to the reconstituted PstI sites flanking the inserts (Fig. 4) . The largest myoglobin cDNA insert, in the recombinant pSM 178, was mapped in detail and completely sequenced (Fig. 4) . The insert consisted of 301 bp of mRNA sequence flanked by (dG.dC) and (dG.dC) tails. One end corresponded to 16 34 the end of a mRNA sequence, with a (dA) remnant of a poly(A) tail B Figure 2 . Hybridization analysis of a seal muscle cDNA library. cDNA clones were replica plated onto nitrocellulose filters and the colonies hybridized: A, with 32p_i a t,elled C QNA reverse transcribed from seal muscle poly(A) RNA; B, with 32 P-labelled myoglobin cDNA (isolated as a 215 bp Sau96I-HinfI DNA fragment from the myoglobin cDNA clone pSM 151: see Results and Discussion). Filters were hybridized in 1 x SSC at 65 in the presence of dextran sulphate, followed by washing in 1 x SSC at 65 and autoradiography {19}. Colonies shown to contain myoglobin cDNA inserts by filter selection of mRNA (Fig. 3) are marked "M"; non-myoglobin cDNA clones are indicated "-".
preceded at a distance of 17 bp by an AATAAA sequence commonly found towards the 3' end of mammalian mRNAs {25}. A second myoglobin cDNA clone (pSM 151) was also sequenced and found to contain a cDNA insert corresponding exactly in sequence to positions 60 to 309 of the pSM 178 cDNA insert (Fig. 4) , followed by a (dA) sequence prior to the oligo (dG.dC) tail. (Fig. 4) . This pure myoglobin cDNA was labelled with P by nick translation and hybridized to the seal cDNA library (Fig. 2) . 4% (34/780) of cDNA clones hybridized, including all those which had previously been identified as containing myoglobin cDNA inserts but not those which had been shown to contain non-myoglobin cDNAs (Fig. 3) . In addition, most of 32 the cDNA clones which hybridized most strongly with P-cDNA prepared from total poly(A) RNA hybridized with myoglobin cDNA (Fig. 2) . We therefore conclude that myoglobin mRNA is one of the most abundant mRNA species in adult grey seal skeletal muscle and accounts for approximately 4% of all poly(A) + RNAs.
(f) Seal myoglobin is coded by a single gene 32
The myoglobin cDNA insert in pSM 178 was labelled with P and used to detect the myoglobin gene in Southern blot hybridizations of restriction endonuclease -digested grey seal DNA (Fig. 5) . In each digest, a single major hybridizing component was detected, and by analysing double digests of grey seal DNA, an unambiguous restriction endonuclease cleavage map could be constructed around this single myoglobin gene ( 
